Introduction
Knowledge of the intensity, size, and distribution of raindrops in an area is necessary for such purposes as determining the traditional rainfall energy and intensity product for the Revised Universal Soil Loss Equation and for designing rainfall simulators and sprinkling infiltrometers. In the central and eastern United States, intensity and drop size relationships for these activities can generally be satisfactorily approximated from a composite of experiments from across the region. Under the Mediterranean-type climate and precipitation of the Pacific Northwest, however, raindrop size and intensity relationships are more difficult to determine. Very little drop size and intensity data have been collected from low-intensity precipitation such as occurs in the area. The dominance of maritime rather than continental air masses raises serious questions about extrapolating to this area data collected under central and eastern U.S. climatic conditions. Inasmuch as the traditional rainfall energy and intensity product had not proved an accurate predictor of erosion in the Palouse, and since there was a need for basic information to construct a rainfall simulator to compare crop managements and for infiltration studies, a study of raindrop size and intensity was initiated. The objectives of this research were to develop relationships relating distribution of drop sizes, intensity, and total calculated energy of storms found in the Pacific Northwest and compare these findings with relationships from studies in other areas of the U.S.
The investigation was started in the fall of 1973 at Pullman, WA. Raindrops occurring naturally were collected at that time, but the raindrops were quite small, and analyses of the early data was postponed until an adequate procedure for consistently forming small drops of uniform size was perfected and calibration of the sizing medium was extended into the range of the naturally occurring drops. Data collection at Pullman concluded in 1977. Additional data were collected at Corvallis, OR in 1977 and 1978 and are reported as part of the study.
Literature Review

Drop Sizing Calibration and Methods
Many of the uniform drop size producing apparatus described in the literature have been used in conjunction with rainfall and raindrop studies. Early European and American physicists used glass capillaries to produce drops for calibration purposes. Bentley (1904) used glass capillaries and broom splints to form drops in his study of rainfall intensity and drop-size distribution as did Laws (1941) and Laws and Parsons (1943) . Mutchler and Moldenhauer (1963) and Mutchler (1965) described drop size as a function of surface tension, the inside and outside diameter of the capillary, flow rate, and water temperature. Lane (1947) formed smaller drops by using a concentric air stream to detach drops before they had attained the size and weight necessary to drop from capillary tubes. Lane's method was employed by later researchers including Levvy (1947) , Kinzer and Gunn (1951) , and Buckholz (1957) . Reil and Hallett (1969) and Samuels and Sparks (1973) used a pulsed air system to control unstable drop motion during formation which often led to considerable scatter in drop size and trajectory.
According to Dabora (1967) , Lord Rayleigh (1878) used vibrating glass capillaries and tuning forks in his study of the instability of jets and uniform drop formation. In his work, he showed that the frequency of maximum instability of a jet is described by the equation:
where, f = frequency of maximum instability, cycles s -1 u i = jet velocity, cm s -1 dj = jet diameter, cm Dimmock (1950) , using Lord Rayleigh's observations, constructed a droplet generator with a mechanically vibrated capillary that produced uniformly sized drops; the diameters were a function of the resonant frequency, the jet velocity, the jet diameter, and the amplitude of the oscillation of the capillary's tip. Schneider and Hendricks (1964) showed that there is a range of frequencies described by the equation:
where, λ = wavelength that will produce a single uniform drop stream. If, however, the drive frequency is too low, two or more different size drop streams will be produced. Each drop stream is a function of a different harmonic of the fundamental drive frequency. Mason et al (1963) , Ryley and Wood (1963) , Lindblad and Schneider (1965) , and Ström (1969) used piezoelectric crystals and earphone diaphragms to produce the desired vibration. Magarvey and Taylor (1956) and Atkinson and Miller (1965) produced droplet generators that pulsed the water to produce instability in the jet and, hence, uniform drops. Similar apparatus, using piezoelectric crystals and speaker coils were designed by Dabora (1967) , Roth and Porterfield (1970) , Bouse (1974 Bouse ( , 1975 , and Bouse et al (1974) .
According to Laws and Parsons (1943) , recording drop size with paper started in Germany with Wiesner (1895), using filter paper and dyes. Gunn and Kinzer (1949) used blueprint paper on a continuous roll for drop collection, but the paper was brittle and very sensitive to light. Englemann (1963) used another type of blueprint paper manufactured by Ozalid (Ozalid 105 SZ), which was stronger and could be exposed to dim sunlight for short periods of time. Bentley (1904) developed a method of sizing drops with flour. Drops caught in sifted flour form dough balls in proportion to the mass of the drop; the dough balls are then dried and sized with graduated sieves. This method was used by Laws and Parsons (1943) and by Carter et al (1974) . Other drop sizing techniques include collection of splashes on slate used by Lowe (1892) , photography used by Laws (1941) and Roth and Porterfield (1965) , an electrostatic method used by Kinzer and Gunn (1951) and Lammers (1969) , foil impaction used by Duncan (1966) and Merceret (1975) , photo-electric used by Dingle and Hardy (1962) and Nathan (1963) , and piezoelectric -impaction used by Federer and Waldvogel (1975) .
Drop Size and Intensity Data
Studies of drop size distribution and intensity were first done by European physicists. Lowe (1892) first studied raindrop splashes on slate, while Wiesner (1895), Defant (1905), and Niederdorfer (1932) made permanent records of raindrop catches using filter paper and dyes. Lenard (1904) and Defant (1905) made detailed analysis of drop size distributions using the filter paper methods. In the U.S., Bentley (1904) used the flour pellet method for his studies. Laws and Parsons (1943) used the flour method in their studies of rainfall intensities in the Washington, D.C. area and, using their data and that of Lenard (1904) and Defant (1905) , developed an equation relating drop size distribution to rainfall intensity. Landsberg and Neuberger (1938) , Marshall and Palmer (1948) , Best (1950) , and Carter et al (1974) also related drop size to intensity. Each author noted, however, that these relationships could only be considered average as there are many factors affecting the drop sizes recorded. Blanchard (1953) discussed these factors in detail as fall distance, temperature, relative humidity, relative drop sizes, and wind shear. Mason and Andrews (1960) discussed the size distribution as a function of storm type (thunderstorms, warm showers, frontal showers, etc.) and concluded that drop size distribution could not be predicted precisely as functions of radar reflectivity, intensity, average drop volume, or liquid water content. Empirical formulas derived from these variables could only give average distributions as later authors (Dingle and Hardy (1962) , Merceret (1975) , and Federer and Waldvogel (1975) concurred.
Experimental Procedure
Calibration of Collection Medium
Because of available funds and equipment, only the Ozalid paper and flour pan drop sizing methods were seriously considered for this study. Of the two, the Ozalid paper technique was selected because the naturally occurring intensities were such that no significant problems were expected with overlap of drop splashes and because of uncertainties in the effect of different lots and storage conditions on the flour calibration. Drop collection with the Ozalid paper technique was simple, but the data analysis was tedious and time consuming.
The drop-forming apparatus was patterned after that of Mason et al (1963) , who used a 30-gage hypodermic needle of 0.14 mm internal diameter (id) connected by an acoustic waveguide to the diaphragm of a headphone. The present study used a 23-gage square-tip needle (0.35 mm id) and a pair of banana plugs with center clamping screws for an acoustic wave guide. The needle, attached to a 10-cc disposable syringe, was secured by a center clamping screw. The banana plug was, in turn, glued to the iron diaphragm of a headphone after enlarging the ear hole to accommodate the plug's diameter. The headphone was connected to a sine wave generator. A length of Tygon tubing with an outside diameter matching the inside diameter of the syringe was completely inserted into the syringe and connected to the water supply. Partial insertion created an air bubble and varying pressure during drop runs.
Distilled water was forced through the needle under pressure controlled by an air regulator and a large pressure buffer vessel. A pressure head of 125 mm of mercury produced a flow of 5.7 ml min -1
. Air pressure was supplied by a compressed air system. By altering the drive frequency and amplitude of the sine wave generator, flow rate, and position of the acoustic wave guide, a number of unique stable drop streams were produced. The number of streams varied from 1 to over a dozen, depending on the aforementioned controls. A typical equipment setting would be 75 mm (Hg) pressure, 3.5 ml min -1 discharge with a frequency of 147 cycles per second, producing two stable drop streams. A single drop stream was isolated for calibration by using a funnel-like device to catch the drop streams not in use. The vibrating needle was used to create drops from 0.077 mm to 1.0 mm in diameter.
Drops from 2 to 4 mm were made by allowing the drops to form on the tip of the 23-gage needle, while held at various angles. The farther the needle was held from vertical, the larger the drops became before their weight overcame the force of surface tension on the needle tip.
Drops between 1 and 2 mm could not be made to fall off using vibration or by decreasing the effective needle tip diameter by waxing the needle. The technique described by Kinzer and Gunn (1951) was employed whereby a concentric air stream passing by the needle tip was used to release the drops.
The drop apparatus was set up in the rain tower of the Palouse Conservation Field Station Erosion Laboratory near Pullman, Washington. The drop height during the production of the small drops (<1 mm) was approximately 4 meters, which according to Laws (1941) is sufficient for drops up to 1.7 mm to obtain more than 95 percent of their terminal velocity (2.2 m for 1 mm drops). Drops between 1.0 and 4.0 mm were dropped 10.5 meters from the top of the rain tower. During calibration runs, drop streams were first caught on one-half of the Ozalid paper, then caught in vacuum pump oil and finally caught on the other half of the paper. The two-pass system was used to check if the drop-size diameter remained constant during the sizing run. The drops in the oil were sized under a binocular microscope with a sizing stage if the two drop passes exhibited constant splash size. The number of drops of each size were recorded until size patterns developed. The remainder of the dish was then scanned to ensure there were no significant changes in the drop volumes.
Drop sizing in the oil was done within 10 minutes of drop catchment. Drops showed no significant change in diameter either from evaporation or absorption by the oil, provided they sank beneath the surface of the oil. The number of drops caught in the oil varied from tens to hundreds. However, drop diameters were recorded only until a pattern developed. This usually required from 10 to 20 drops.
Drops larger than 2 mm were caught in vacuum oil, which was weighed before and after catchment. The drops were counted (average number = 50) and the average diameter was determined. Multiple drops did not occur. Drops between 1 and 2 mm were sized using both methods with no significant difference between the results.
The Ozalid paper was developed by exposure to ammonia fumes. This was done shortly after drop collection or the wetted paper was kept in the dark until development. A covered can of household ammonia was placed under the paper in the holder. After drop collection, the frame was lifted out of the box, the can was opened, and the frame was set back over the can. Development took from 3 to 7 minutes depending upon the concentration of the ammonia vapors. There seemed to be no difference in the results whether the cover of the box was open or closed during development.
The Ozalid paper was allowed to develop to the point where the splash rings became a dark blue and the background, initially yellow, started to turn blue. When the ammonia solution was fresh, the background darkened faster above the can than the splash circles near the edge of the paper. When the paper had developed enough that circles appeared sharp, it was left in sunlight or office light to bleach out the background and to dry. The results were yellow splash circles with blue halos and white background. Splash size was determined using the microscope. For large drops (> 1 mm), from 10 to 30 splashes were sized along their long and short axes. For small drops (< 1 mm), long and short axis diameters were recorded until a pattern developed. This usually required about 10 splashes.
At the start of the experiment, relative humidity and temperature were recorded during calibration runs to predict what amount of evaporation the drops underwent while they fell. However, since drop catchment with oil and paper took place at the same fall distance from the drop's origin, the data were not needed and collection was discontinued.
Collecting Naturally Occurring Raindrops
A collection box with a sliding cover was constructed to hold a mounting frame for the Ozalid paper. The box and frame were constructed of adequate size to hold 279 mm x 432 mm sheets of Ozalid paper. The Ozalid paper was mounted taut on a perimeter holding frame using clips on two ends. This allowed the paper to absorb some of the shock of raindrop impact. Fastening the paper to a solid backing is not recommended by most sources and was not attempted in this experiment. The holding box had a sliding cover to control drop catch time, which varied with the rainfall intensity. As many drops as possible were caught before significant overlapping occurred. A 15-sec drop catch was used for the majority of the sampling, but a few runs were at 5 or 10 sec and 1 or 2 catches were of 1 and 2 second duration. After drop collection, the time and air temperature were recorded and the paper was developed.
Samples taken in more than a light wind created oval or elongated splash marks. Although other researchers have attempted to work with these oval patterns, they were avoided in this experiment. In case of wind, the drop sampler was taken to the leeward side of a building, which was used as a wind break. The sampler was positioned as far from the building as possible to minimize any possible effect on drop size collected. Tipping the paper into the wind was attempted, but this was unsuccessful because large drops ran down the paper. Engelmann (1963) covered his wooden sampling box with toweling impregnated with dye to stop any drops hitting the box from splashing onto the recording paper. The dye would identify any of these secondary drops that did form. In our study, drop catchment done in a high intensity storm with large drops and using a silt and water mixture in place of a dye, on the bare surfaces, yielded no more than 12 secondary splashes on the entire sheet. In as much as collection of drop data in this intensity range was unusual or not common, splash effect and secondary drops were deemed insignificant.
Analysis of Data
Calibration Medium
During the vibrating phase, the drops were leaving the needle at a velocity greater than the terminal velocity of the drops themselves, leading to coalescence within the drop fall distance. As many as six different drop sizes, all multiple volumes of a basic drop size, were formed during vibrating sizing runs. The multiple volume hypothesis was checked by combining basic drops caught in the oil, and recording the diameter of the newly created drops. The multiple volumes could also be predicted by the mathematical expression: 
The coefficient of determination was 0.997.
Because equations (4) and (5) were quite similar, the data were combined and a regression equation was fit to the combined data from lots 2 and 3, resulting in
with a coefficient of determination of 0.996. This equation is plotted on Figure 1 .
A few calibration points were obtained for lot 1. The few data points fit the calibration curve for the data from lots 2 and 3; no further analysis was conducted.
Naturally Occurring Raindrops
The drop size and intensity data from the naturally occurring rain were analyzed by measuring two diameters, at right angles, of the drop splashes within a given area on the catch sheet. The method described in the section on Experimental Procedure (Calibration of Collection Medium) was used. The area measured depended upon the apparent uniformity and density of the splashes. On those sheets with widely scattered drops, as many as five circles of 94-mm diameter were sized. On those sheets with small splashes closely spaced, only one-half of one 94-mm circle might be sized. The area to be measured was somewhat dependent on the observer's endurance and on the possible time that could be allotted to each sheet. From as few as 26 to as many as 1528 splashes were measured on a single sheet.
A computer program was written to convert the splash diameters to drop diameters by equation (5) and place each drop in a 0.05 mm size class. The result was a histogram of the drop size distribution. The program calculated the cumulative volume from the smallest diameter so the drop diameter below which 50 % of the precipitation volume occurred, D 50 , could be determined. The program also calculated the rainfall intensity and, based on a terminal velocity vs. drop size relationship, the momentum and kinetic energy. The authors compared terminal velocity data of Laws (1941) , Wang and Pruppacher (1977) , and Gunn and Kinzer (1949) . A curve was fit to the Gunn and Kinzer data and used in the computer program to calculate momentum and kinetic energy values.
Drop size distributions at two intensities were computed and are compared to Laws and Parsons (1943) 
Kinetic Energy
Kinetic energy data from Pullman and Corvallis were analyzed separately and then pooled. The basic form of the relationship used by Wischmeier and Smith (1958) and derived from Laws and Parsons (1943) 
The coefficient of determination was 0.44.
The pooled data yielded the relationship shown in Figure 3 . KE = 0.105 + .0652 Log 10 (I)
The coefficient of determination was 0.61.
This can be compared to the Wischmeier and Smith (1958) 
Results and Discussion
Determining raindrop size and intensity data required selection and calibration of a system for measuring the drops. Based on the general rainfall characteristics of the region, an Ozalid paper technique was selected because it was appropriate for low intensities and small drop sizes. Calibration of the paper required producing small water drops of small diameter, and finding techniques to measure these drops. In order to produce a range of sizes for calibration, three drop production techniques were required. Vacuum pump-oil and sizing microscope was appropriate for small drops, and weighing in oil was appropriate for larger drops. Calibration data closely matched data of Engelmann (1963) .
Natural drop-size data were collected from November 1973 through August 1977 at Pullman. There were 156 collections of 2 to 15 second duration. Later, in collaboration with researchers at Oregon State University, an additional 41 collections were made at Corvallis in June 1977 through January 1978; all collection times were of 5 second duration except for one at 3 seconds and one at 15. The Pullman and Corvallis data were analyzed as separate data sets and then merged to cover a slightly wider range of intensities under similar meterological conditions. D 50 and intensity data were computed and compared with a frequently cited data set collected by Laws and Parsons (1943) . The raindrop D 50 diameter vs. intensity data collected in the PNW produced a relationship similar to Washington DC data that Laws and Parson reported in 1943. Given the similarity of the D 50 and intensity data from the PNW data and that collected by Laws and Parsons, it was somewhat surprising that the kinetic energy and intensity relations differed so greatly. The PNW data were 14 percent lower at 2 mm h , and 18 percent lower at 10 mm h -1 intensity. The reason for these differences may derive from differences in the drop size distribution at a given intensity. Only limited data from Laws and Parsons are available to make these comparisons.
Conclusions
Naturally occurring raindrops from Pullman in SE Washington and Corvallis in the Willamette Valley of western Oregon exhibit similar drop size vs. intensity and kinetic energy vs. intensity relationships, even though Palouse intensities are lower.
The relationship between D 50 drop size vs. intensity in the PNW is similar to humid region relationships.
From the data collected in this study, at a given rainfall intensity, calculated kinetic energy for the PNW is lower than values for the humid regions. 
